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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

MAGNESIUM~SLURRY COMBUSTION PERFCORMANCE IN 6.5-INCH-DIAMETER
RAM-JET ENGINE MOUNTED IN CONNECTED-PIPE FACILITY

By J. Robert Branstetter, Jemes B. Gibbs, and Warner B. Kaufman

SUMMARY

The performance of slurry fuels conslsting of 50 percent magnesium
powder in a hydrocarbon carrier was investigated in s flight-type, 6.5-
inch-diemeter ram-Jjet engine mounted in a connected-pipe facllity. A
conbustor configuration wes developed that provides acceptable combus-
tion performance for equivalence ratios between 0.39 and 0.95. Combus-
tion limits were not determined. At the richest equivalence ratio
investigated, 0.95, the ailr specific impulse was 178 seconds, the air
specific impulse efficlency was 96 percent, and the combustor efficlency
was 86 percent. At the aforementioned equlvalence ratio and for a simu-
lated free-stream Mach number of 2.3 and altitudes above the tropopause,
the gross thrust coefficient was 1.29. 8atisfactory ignition and start-
ing characteristics were achieved over an equivelence ratlio range of
0.65 to 0.90. All combustor parts successfully withstood a durebility
test of 78 seconds duration. Only a thin layer of magnesium oxide was
deposited on the combustor parts and nozzle.

Performance comparisons were made between the developed slurry
system and the data obtained in the free-jet and flight tests of similar
ethylene-fueled ram-Jjet engines at the NACA lLangley lsboratory. The
thrust coefficients provided by the slurry fuel were greater than those
of the ethylene system for equivalence ratios greater than 0.4. The
maximm net thrust coefficient for the slurry was 1.43 times the maxlimum
obtained with the ‘ethylene at a simulated free-stream Mach number of 2.3
and eltitudes ebove the tropopause. The slurry-fueled ram-Jet engine
produced cpnsidersbly higher fuel volume specific impulse; however, the
fuel welght specific impulse was slightly higher for the ethylene system.
At constant alr flow and compareble gross thrust coefflcients, the
combustlion-chamber-inlet pressure generally was lower for the slurry than
for the ethylene fuel. The slurry combustor-fuel combination appesars
suiteble for flight testing and should provide apprecleble increases 1in
maximm veloclty, acceleration, and range over those obtained with the
ethylene-fueled vehilcle.
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INTRODUCTICON

The combustion performence of metal slwrry fuels, that is, metal ._
powders suspended in ligquid hydrocarbons, has been investigated in smell-
scale, jet-engine-type apparatus (refs. 1 and 2). The investigations
indicate that 1t is posslble to achleve greater thrust and wider combus-
tion limits with magnesium slurriles than with petroleum fuels. Because
of these performance characteristlcs, megnesium slurries eppear to be
well sulted for spplicatlions to Jet englnes such as the ram=Jet engilnes
used for powering short-range vehicles. A vehlcle of this type is being
employed at the NACA Langley .laboratory to obteln supersonic aserodynemic
deta. The vehlcle hes meny desirable flight characteristics provided
good combustion performance can be achieved in the two short, 6.5-1inch-
dlemeter ram-Jet engines Installed 1n the tall surfaces (ref. 3).
Ethylene, a high-fleme-speed geseous fuel, has been used to achieve .
acceptable combustion in the short combustors (refs. 4, 5, and 6). The
favoreble thermodynamic propertles reported in reference 7 and the goocd
combustlon performence reported 1n references 1 and 2 indicate that
galns in performance may be expected ln application of magnesium slurry
fuel to the vehiele. Consequently, a cooperstive research project .
between the NACA Lewils and lLangley laboretories was established wherein
the Ilewls laboratory undertook the development of a combustor for the
flight-type engine thet would use megnesium slurry fuel.

For the progrem reported herein, a slurry composition of 50 percent
megnesium powder and 50 percent hydrocarbon Tuel by welght was selected;
this selectlon was based on the data of references 1, 2, and 7 and an
investigation of the physical characteristics of slurries (ref. 8). The
slurry fuel was evaluated in e 6,.5-inch-~diameter flight-type engine )
which was mounted 1n a connected-plpe facility. The tests encompassed -
e range of combustor-inlet conditions:similar to those reported for e
flight test of the same englne (ref. 6). The performaence of three
perticle-size grades of magnesium powder and of several flame-holder
and inJector confilgurations is reported herein. Data for the best per-
forming sluwrry-engine configuration and a direct comparison between
these date and ethylene performance (refs. 4 and 6) are discussed in
detail. 1In addition, this investigation treats some of the pertinent
physlcal problems encountered with slurry fuels.

SYMBOLS
The followlng symbols are used in this report:
A cross sectional area, sq in.

B barrel thrust, 1b

R B T

|
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Cy net thrust coefficilent
Cp gross thrust coefflclent
F totel stream momentum at nozzle exit, 1b

acceleretion due to gravity, 32.17 f£t/sec2

M Mach number

m mass flow rate, slugs/sec

P totel pressure, Ib/sq in. ebs

he] static pressure, lb/sq In. abs

qQ kinetic pressure, 1b/sq in.

R gas constant for air, 53.3 £4-1b/(1b)(°R)

alr specific impulse for sonlc flow of exhaust products st
nozzle throat, sec

sf,vol fuel volume speclific lmpulse, lb-sec/ cu £t

Sf,wb fuel welght specific impulse, sec

t static temperature, OR

v velocity, ft/ sec

W welght flow rate, 1b/sec

p density, 1b/cu £t

T ratio of specific heats

o equivelence ratio

@ (M) stream momentum of Jet expanded to the area of station 8 divided
by stream momentum at stetion 9

Subscripts:

0 inlet plenum

3 diffuser-inlet minimm erea

o —— - —_ N
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7 diffuser exit : +r : S

powder and & hydrocerbon fuel plus stabilizing additive. The powder — .——
particles were spherilcal in shape and were found by enelysis to contain

98 percent free magnesium. Powders of three grades of fineness were -
used and, for the purposes of this report, were designated grades A, B,

and C,

8 combustor exit . =L : e D e
9 nozzle exit - ' g_
12 exit plenum T t
a air : : — = 7 ‘:'
c denotes isentropic diffusion of air from station 7 to the max- -
imum combustor area -—

£ fuel -

Fuel. - The fuel contained equal parts, by weight, of magnesium . ____‘2

Grade | Amount passing Mean )
325-mesh screen, | particle -
percent size, B
microns
A 60 30 - 40
B 95 17 - 23
c 100 . 5.5 - 5.0

The mean particle size was obtained with a Fisher Sub-Seive Sizer. An
enalysls of the hydrocerbon cerrier, MIL-F-5624A grade JP-3 fuel, 1s  _.
given in table I. ' s ' -

The slurries were prepared in batches of 100 to 200 pounds each. -
Gelling or stabilizing agents, in quantities of 1/2 to 1 percent of the _ .
total mixture, were added to control viscosity. Methods of determining
physical properties and the terminology deseribing the physical charac-
teristics of metal-hydrocarbon slurries are presented in reference 8.

During the first phase of the investigation, the fuel viscosity was : 1—
particularly difficult to control; consequentlyz the fluldity and the C
stabillity of the slurry varied considerably from batch to batch., The T T

IERCSTTIC TR T 124 T
- ke '
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powder grede, slurry viscosity, and stebilllity time for each batch are
presented in teble IT. The density of the slurries was 1.05 grams per
cubic centimeter and the lower heat of combustlon was 14,770 Btu per
pound. The stoichiometric fuel-air retio was 0.1128.

Fuel system. - A schematic diagram of the basic fuel system used
for the combustion tests 1s shown on figure 1. The fuel was supplied to
the engine by pressurizing a 4-cublc-foot fuel tank with nitrogen. The
rate of fuel flow was governed by the ares of a flow-restricting oriflce
located upstream of the fuel injlectors and by the controlled fuel tenk
pressure. The nominal diemeter of the fuel feed line was 1/ 2 inch.

The maximum fuel injection pressure was 600 pounds per square inch.

Ram-Jet instellation. - The engine wes mounted as shown in figure 2.
A 3-foot-long shroud was mounted on the diffuser lip in an effort to
obtain a flat veloeclty profile at the entrance to the diffuser. A photo-
graph of the installation with the inlet shroud removed ls presented on
figure 3. The inlet plenum and outlet plenum ducts were connected to
the lasboratory alr supply and the atmospheric exhaust system, respec-
tively. The combustion alr, after passing through a tube-type heat
exchanger, was metered and then throttled by a remotely controlled but-
terfly valve. The combustor shell was cooled by diverting a fixed por-
tion (epproximstely 36 percent) of the combustion air through a 1/2-inch
ennulus between the shell and a cooling Jacket. The high external pres-
sure lmpressed on the combustor by the cooling sir necessitated the use
of four longlitudinal reinforcement bers end a combustor shell thickmess
of 0.093 inch., The cooling ailr recombined with the main portlon of the
combustion air in the inlet plenum end then entered the engine, A win-
dow in the inlet plenum permitted visuel and photogrephlc observation
of the flame.

The combustion products were discharged into a barrel-type thrust
target mounted in the exhsust plenum. The gases, after belng cooled by
water sprays located in the barrel and the vertical duct, passed through
a fixed-baffle separator and into the exhsust stack.

Ram-jet engine. - A detalled description of the baslic engine is
presented 4n reference 6., A diagram of the engine, as modified for the
present investigation, is shown in figure 4. The diffuser-llp dlameter
was 4.42 inches. The inslide diameter and length of the Inconel combus-
tor were 6% and 19 inches, respectively. Convergent exhaust nozzles of

5.66- and 6-inch diemeter were used.

The inner body of the basic engine of reference 6 was modifled
immediately downstream of the support struts to accommodate the slwrry
injector and the flame holder. A spring-loeded, veriable-port-area
injector, having four longitudinal slots spaced 90° apart, 1s shown in

ST~
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figure 4. The piston area and the spring were deslgned to provide ebout
50 pounds.per squere inch pressure drop for the fuel-flow range investi~
gated. An O-ring seel and slllcone grease Erevented. seizing of the pis-

ton. Atomization of the fuel was achieved by impinging the fuel Jets on
8 4.5-inch-long cylindrical sleeve mounted in the alr stream. The fuel

slots were loceted 12 inches from the face of the flame holder (Pig. 4).
The flame holder wes composed of V-gutters and funnels (surfa.ces of

revolution of a cone) and blocked 46 percent—of the combustor cross-
sectional area. The material used for the flame holders wes 1/16- or
3/32-1nch-thick Inconel or stainless steel, or both. The aforementioned
fuel injector end flame holder gave the best ‘performance of the several
types tested during the development program. This progrem 1s discussed_.h_
in appendix A. : '

Ignition was provided by a magnesium flare of 8-inch length and
2-inch diemeter with & nominel burning time of 45 seconds. The flare
weas cemented into a l/ 16-inch-wall Inconel tube which fitted into the
flame~holder cavity (fig. 4). The downstreem (ignition) face of the
flare and the downstream edge of the flame holder were loceted at the
same axlal station.- ~- -

Instrumentation. - The combustion alr flow was measured by & square-
edged orifice conforming to A.S.M.E. standards. The portion of the com-
bustion alr temporarily diverted for cooling purposes was approximated .
by meens of a pitot-static tube. The reaction of the thrust barrel to
the force of the exhsust Jet and the change in gross welght of the fuel
tank were sensed by strain gages. Fuel-injection pressures were messured
by a Bourdon gage located as shown in. figure 1. _ ) .

The inlet and exhaust plenum pressures;y-the combustion-air differen-
tiel pressure, and the static pressures at stations 7 and 8 were sensed
by Stathem pressure pickups. These pressures and the two strain-gage _
forces were measured on an elght-channel osci]logra.ph which recorded the
date continuously as & function of time. The frequency response of the
system was flat from O to 25 cycles per second. .

Pressure pickups and self-balancing potentiometers recorded the
followlng pressures at 2-second intervals:

Combustion-air orifice differential pressure —
Combustion-air upstream orifice pressure

Cooling-air static pressure

Difference between cooling-alr total a.nd. static pressure

Temperstures were measured with similar recording potentiometers
at l2-second intervals at the following stations:
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Combustlion alr, orifice

Cooling air, iniet

Cooling air, outlet (three parasllel thermocouples)
Combustion alr, entering englne

Fuel

Combustor wall (four separate thermocouples)

PROCEDURE

The fuel flow rate and the thrust measuring apparatus were cali-
brated with dead welghts pridr to each run. The pressure-recording
equipment wes subJected to a comprehensive calibration approximately
every 10 runs. An addltional check of the instrumentetion was made
after each run by cbtaining steady-state, cold-flow date at severel alr
flows and comparing the recorded dats to manometer and panel gege

readings.

The slurry was thoroughly mixed on a barrel-roller immedlately
prior to testing. Some of the slurries listed in teble IT as "unsteble"
began to lose thelr homogenelty soon after the rolling ceesed; however,
the powder distribution in the carrler was belleved to be reasonsbly
uniform for the dquration of the run., The slurry wes transferred to the
fuel tank by pressurlizing the mixing barrel with nitrogen.

A smell quentlty of hested combustion air wes passed through the
apperstus before each run to permit the inlet alr ducting to approach
equllibrium temperature. Pressure was spplied to the fuel tank and the
recorder chart drives were turned on. The flare was ignited at low
rates of alr flow to reduce the danger of damage to the ignitidn leads.
The air flow was rapldly Increased to the starting condition and the
fuel valve opened.

The fuel-tank pressure was held constant for 15 seconds or longer
to provide sufficient time for determination of the fuel flow rate.
During thls period the alr flow wes varied over as wide & fuel-alr ratio
range as posslble. If sufficient fuel remained and the flame was stable,
the fuel fiow was reduced end the procedire of varylng the alr £flow was
repeated. The duratlon of the tests seldom exceeded 2 minutes.

After the run, the fuel-tank system was drained and flushed with
gasoline, The englne was disassembled and inspected for material fall-
ure and oxide deposits.

DATA REDUCTION

A sufficient number of data points were chosen from the records to
define the performence over the range of fuel-air ratios investigated.

-
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In order to reduce transient effects, points were selected when the air
and fuel flow rates, thrust, and combustor pressureés were either constant

or changing only slowly with time.

The fuel flow rete was calculated from the slope of the fuel tank
weight egainst time trace. Conmbustor-inlet veloclty, Mach number, and

kinetic pressure, V,, M,, and gq,, respectively, were calculated assum-~
ing isentropic diffusion of elr from station 7 to the maximum combustor

area. Because of_the area blockage afforded by the flame-holder case,

the actual inlet velocities and Mach numbers were considerably higher

than the values presented. Computations of the pressure at station 9,
the exhaust nozzle, were made assuming isentropic ) sonic flow of the
exhaust products. -

The usual parameters for expressing combustor performance based on

temperature rise across the combustor are dIfficult to determine and

are of questioneble applicability for megnesium slwrry fuels. This dif-

ficulty arlses because the thermodynemic processes for heterogeneous

solid-ges mixtures are not fully developed. It 1s edvisaeble, therefore,

to establish the performance of the fuels on the basls of parameters
that account for the thermodynamic characteristics of the exhaust and

are a measure of the thrust-producing cepebillity. The parameters that

appear most useful as an Index of fuel performance are alr specific
impulse and fuel specific impulse (ref. 9). These impulse functions,
which conveniently express the total streem momentum per pound of air
and per unit of fuel referenced st the exhaust nozzle throat where the
Msch number 1s equel to 1, are defined as:

Alr specific impulse i

g - F _Pafg+uiy

where

F for the experimental data equals
The method for determining F is presented in appendix B.

Fuel weight specific impulse : i ' o

It

Wt

vkl
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Fuel specific impulse is also determined on the volume basis, which
indicates the volume rate of fuel consumption.

Bp vo1 = (Sf,wt) P

CI-2

[Te)
n
o~
a The actual specific impulse data for the 50 percent masgnesium
slurries are compared to the theoretical values obtained from reference 7.
The theoreticel values were corrected to an inlet-air temperature of
350° F, Air specific impulse efficlency 1s then defined as
3]
(gg,e._cb;m;l_ X 100 at constant equivalence ratios
a,1desl ’
Combustor efficlency for each detum point wes determlned by
®
(—1955-1— X100 &t constant S
°a.ctua.l
Gross thrust coefficients were computed for an englne in which the
pertinent internal cross-sectlonal areas were the same as those glven
in reference 6, .
M t
‘ r e e s
2
M Ag
where
A = 0,1065 sq ft
M = 2-3
t = 393° R
TvT=1.4
®(M) = 1.051 for t = 1.3
The combustor pressure losses were computed as a dimenslonless ratio
- according to the followlng relsastion:
P7; - Pg
- 9

where Pg was determined for a ratlo of specific heats of 1.25.

iy
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RESULTS AND DISCUSSION
Slurry Performance

Engine perfarmance. - This lnvestigation was primsrily directed
toward the development of a slurry-fueled ¢ombustor for the flight

vehicle. - Therefore, the results discussed herein pertain to the deveiop-

ment of an englne satisfactory for f£light epplication. The requirements
for the flight application were a combustor that would exhibit higher
thrusts (air specific impulse) and more desirable fuel consumption than

the ethylene combustor at the following conditions: inlet-eir pressufe,

30 to 60 pounds per square inch sbsolute; equivalence ratio, 0.5 to 0.9;
inlet-air tempersture, approximstely 350° F; exit-nozzle throat diam—
eter, 6,0 inches,

The engine development progrem, presented in eppendix A, included
an investligation of the effect of physical properties of megnesium slur-
ries, fuel-injection variastion, flame-holder configurations, exhaust-"
nozzle dismeter, and ignition systems. The product of this progrem, a
combustor which exhibited the best over-all performance, contained the
following components: slurry, grade C (most resctive) powder in
MIL-F~5624A grade JP-3 fuel; injector E, verieble area with a 4,5-1nch=
long lmpingement surfece; flame holder C, a gutter-funnel type,
blocking 46 percent of the ccmbustor-entrance ares; exhaust nozzle,
6-inch-dlameter throat; lgnition device, a 2 inch-diameter, 8- inch-long
magnesium flare. Table IIT presents the pertinent primary dats obtained
wilth this combustor-fuel combination. The precilsion of these data and
the reliability of the results are presented in appendix B. The results
that follow are for the aforementioned combustor-fuel combination.

Alr specific lmpulse datae. ~ Flgure 5 presents air specific impulse
as a function of equivalence ratio for the experimental and ideal per-
formence of the slurry. Ideal octene-l data, shown on the figure, were
obtained.from reference 7. Steble combustion was maintained over the
range of equivalence ratios investigated from 0.39 to 0.95. At these
equivalence ratlios the experimentally determined impulse velues were
118 seconds and 178 seconds, respectively. The corresponding ideal
slurry impulse values were 137 snd 185 seconds. -

Effects of solid deposits. - During the early phases of this inves-
tigation, deposition of magnesium oxide and mesgnesium on the fleme
holder, ¢onmbustor walls, and exit nozzle often resulted in excessive
blockage of the flow ares and excessive pressure drop across the engine
(see appendix A). For the runs shown in table IIT and presented in fig-
ure 5, only a relatively thin coating of deposit was observed on the
engine surfaces after each run. Combustor total-pressure-drop data _
(fig. 8) indicate the over-all pressure losses between stations 7 and 8.

These pressure losses are presented as a function of density ratio across

the combustor; the density ratio was computed from the epproximated —
relstlion - . -

R
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wvhere tg was estimeted from the date of table III and reference 7. A

solid line shown on the figure is the sum of the isothermal friction
pressure losses obteined with a clean combustor end the 1dealized, momen-
tum pressure losses computed according to one-dimensionel incompressible
flow relstions. These summed pressure losses were even greater than the
measured losses which included the effect of solid deposits. Therefore,
pressure losses due to solids adhering to the combustor surfaces were
small with respect to the momentum end friction losses.

The effect of solids within the nozzle in reducing the nozzle area
can be indiceted by use of a one-dimensional flow relation. The total
streem momentum at the exhaust nozzle can be expressed by the relation

P NS
= P +

s = Pofs 1 - "solids
Wiotal

where Ad = CgAg. Nozzle area blockage by solld deposits will affect

the over-all area coeffleient Cg. The nozzle was always choked and Pg
was not measured; hence the equation may be rewritten as

P
9 . S
Fg =pg —C 1+
9 BPS o9 l_wsolid.s
W.
total

The value pg/pa was computed By isentropilc flow equations assuming
that the aree at statlon 9 was Aé or C9A9.

The velue of the area coefficlent Cg prevelling in the combustlon

runs wes found by comparing the experimentally determined variation of
Fg agelnst pg with the varistion computed from the previous equatlon

using Cg of 0.9 and 1.0, as shown in figure 7. Since the equations

are relatively insensitive to equivalence retio and specific heat ratio,
average velues of 0.7 and 1.25, respectively, were used in the equation.
A1l magnesium was assumed to be in the form of magnesium oxide. Fig-
ure 7 shows that the area coefficient of the experlimental nozzle wes
0.95, so that solid deposits could not have reduced the nozzle area by
more then 5 percent. Furthermore, the constancy of the experimentelly
determined area coefficient would indicate thet the maximum thickness of
the oxide layer was attained within several seconds after initietion of
combustion.

CURPRIR—-
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Effect of combustor-inlet velocity and pressure on performence. =
The veloclty and stagnation pressure at the combustor inlet and the air
specific impulse are presented as a function of equivalence ratio with
fuel flow rate as a parameter (£ig. 8). Combustor velocities ranged
from 220 to 340 feet per second at equivalence ratios of 0.9 end 0.4,
respectively. For.a given equivalence ratlo, combustor-velocity devia-
tions wilth change in fuel flow rate were about S5 percent from a mean
value, and these deviations correlated with the chenge in impulse values.
Combustor stegnation pressure renged between 35 and 67 pounds per square
inch absolute. Pressure and lmpulse data of filgure 8 are cross-plotted
on figure 9 for equivalence retios of 0.45, 0.6, and 0.8, Within the
limits of accuracy of the instrumentation and for the range of operating
conditions investigated, combustor pressure had no effect on impulse
performance.

Combustor and impulse efficlency. - Combustor efficiency and air
specific impulse efficliency are presented on flgure 10 es a function of_
equivalence ratio. These efficlencies were computed from the curves of
air specific impulse agesinst equivalence ratio (fig. 5). The mean
value of combustor efficlency increased from a velue of 66 percent at _
an equivalence ratlo of 0.4 to 86 percent at 0,95 equivalence ratio. An
impulse efficlency of 87 percent was obtained at an equivalence retio of
0.4 end the efficiency increased to 896 percent at an equivalence ratio
of 0.95. .

The combustor-inlet velocity (fig. 8) progressively increased with
decreasing equivalence ratio; consequently, the independent effect of
elther inlet velocity or equivalence ratio on combustor efflclency can-
not be determined.,

Heat transfer. -~ Experimental values of heat flux and combustor
wall temperature obtelned during run 97 are presented in figure 11.
Although the air flow decreased somewhat as the run progressed
(tdble III), the teat conditions for this particular run were maintained

as neerly constent as possible. Wall temperstures, 12.5 inches downstream .

of the fleme holder, were less than 100° F higher then the cooling-air
temperature. The flame zone apparently dld not reach the combustor walls
until 1t had traveled ebout 16 to 17 inches of the 19-inch-long combus-
tor. The axlal temperature gradient was 150° F per inch, 3 inches
upstream of the nozzle entrance. Hence, the temperature gradient at the
downstream station, which was 1.5 inches from the nozzle entrance, may
have been of a simllar magnitude. In all probabllity, combustor effi-
clency would be improved by an increase im combustor length; however, a
longer combustor or more.violent mixing of the burning products might
require additional protective measures t0 prevent combustor wall burnout.

2755,
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Since nearly all the radiel heat flux wes confined to a locallzed
area, minor deviations in the locatlon and seating of the flame could
produce major deviation in the heet-transfer data.

Englne durebillity. - During run 87, the combustor pressure losses
begen to decremse 45 seconds after 1gnition as shown on flgure 6. Photo-
graphs of the flame holder, teken before and after the run (fig. 12),
show pronounced erosion of the cylindrical case and gutters. On the
other four runs, the fleme holder was only slightly damaged; however,
the downstream end of the flare-holder case was usually burned away.

The flame holder used during run S7 wes fabricated with one half of
the funnels and gutters of Inconel and the other one half of 347 staln-
less steel. The thickness of these parts was lncreased from l/ 16 to
3/ 32 inch., Although operating conditions were severe for & durability
test, flame-holder damage was negligible for a run duration of 78 sec-
onds. It was not possible to determine the better flame-holder material
from this test. Durabillty for all combustor parts 1s believed to be
adequate for short-range flight applicatlons.

Comparison of Slurry and Ethylene Performance

Basis for comparisons. - The magnesium fuel performence was accept-
gble with regard to the range of stable combustion, alr specific impulse
values, freedom from solid deposits, combustor efficiency, ignitionm,
durebility of parts, and heat-transfer characteristics. The slurry per=-
formance date were next compared to the performance date of the ethylene-
fueled ram-jet engine. The data for the ethylene performance (refs. 4
and 6) were obteined with the diffuser immersed in & supersonlc alr
stream, which may have resulted in combustor-lnlet veloclty profiles dif-
ferent from those encountered 1n the present connected-plpe tests. Var-
lations in velocity profile, by affecting the mixing of the fuel and alr,
could influence the combustion performance.

Comparison of thrust and fuel-consumptlon data., - Thrust and fuel
consumption performance sre presented on figures 13(a) and 13(b) for
slurry and-for ethylene fuels. The 1deal end experimental slurry data
and the 1deal octene-l deta were cobtalned from figure 5. The ideal
ethylene date were computed from asdlebetic flame temperatures presented
in reference 10. The experimental ethylene curves were computed from
free-Jet data reported in reference 4. The respectlve diffuser-entrance
and nozzle-throat dismeters for the latter tests were 3.95 and 5.75 inches,
es compered to 4.42 and 6.0 for the slurry tests. Consequently, the com-
bustor veloclties assoclated with the ethylene data given on figure 13
were somewhet lower than those reported for the slurry tests. A flight
test is reported (ref. 6) in which the diffuser and exit area dimensions
were the same as those for the slurry data; however, the band of equivae-
lence ratios was relatlively small and a fuel system lesk resulted in
questionseble accuracy of the fuel flow rate.

R
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The fuel welght specific impulse is presented as a function of air
specific impulse (fig. 13(a)). Over the range of air specific impulse
obtained with ethylene, the fuel weilght specific impulse of ethylene
was greater than that of the slurry.  However, the curves for the exper-
imental data tend to converge as the fuel-air ratio was Increased. This
effect 1s attributed to two factors.  The 1deal 1mpulse curves converge
et the higher fuel-air ratios. Also, the ailr specific impulse efficilency
decreased for ethylene and increased for the slurry with increasing fuel-

elr ratio. At an air specific impulse of 159 seconds, which was the mex-
imum obteined with ethylene, the fuel weight specific impulses of the
ethylene and the slurry were 2350 and 2000 seconds, respectlvely. -

Fuel volume specific impulse, which 1s e measure of the fuel volume
consumption, is presented on figure 13(b) as a function of the air spe-
cific impulse., A specific gravity of 18.3 pounds per cublc foot was
used for the ethylene volume impulse computetion. This spec¢ific gravity
had been obtained when the fuel tank wes pregsurized to 1200 pounds per
square imch. The fuel volume specific lmpulse of the slurry was 2.1
and 3.1 times greater than thet of ethylene at air specifilic impulses of
120 and 159, respectively. At alr specific impulse values of 150 to
170, the experimental fuel volume impulse of the slurry varied from
10 percent lower to aspproximately the ldeal for octene-l. .

The fuel volume specific impulse 1is a significent parameter when
epplied to vehilcles that have & small ratio of fuel weight to gross .
vehicle welght. For example, the Laengley vehicle has an ethylene fuel
to gross weilght ratio of 0.1l. Hence, a large lncrease in volume specific
fuel consumption can effect a correspondingly large increase in fuel loed
with only e small increase 1n vehilcle gross_ weilght. .

The last portion of a gaseous fuel in a fuel-pressurized system is
unavailable for combustion because of the supply system used. In con-
trast, the slurry fuels require a pumping facility. These penaltles
must be conslidered when the fuel volume and fuel weight speclfic impulses
are related to a specific application. Although magnesium slurries have
been . successfully pumped with g positive-displacement pump, gas pressuri-
zatlon of the slurry for smell-vehicle applications appears promising and
hes been investigated (see appendix C).

Gross thrust coefflclents were computed from the date of figure 13(a)

by the method shown 1n the Data Reduction section and are presented on
figure 14 es a function of equivalence ratio. An experimental simulated
thrust coefficlent of 0.5 was obtained at an equivalence ratio of 0.4

for both the ethylene and the slurry fuels. 'At stoichiometric equiva-__

lence ratio, the coefficients for ethylene and the sluwrry were 1.03 and
1.33, respectively. The slurry coefficlents were greater than the ldeal
coefficlents for octene-l for equlvalence r&tlos greater than 0.58.
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An ordinate scale of net thrust coefficlent 1s presented on flg-
ure l4. The net thrust coefficlent 1s equal to the gross thrust coeffl-
clent less one half the draeg coefficlent of the twin-engine Langley
vehicle. This coefficlent is a measure of the acceleration cepabiilty
of a vehicle. Both slurry and ethylene fuels provide posiltive net thrust
coefficients over a wide range of equivalence ratios. The maximm net
thrust coefficient obtalned with the slurry was 1.0l and was 1l.43 times
the maximum obtalned with ethylene.

Comparison of combustor pressure data. - Flgure 15 presents
combustor-iniet stegnatlon pressure as a functlon of mass flow. The
mass flows for the slurry data were computed from the falred curves in
figure 8, and the ethylene data are from reference 6 for a comparable
6-inch-diameter choked-exit-nozzle throet. At e constant air flow end
comparable grose thrust coefficlents, the combustor-inlet pressure gen-
erally was lower for the slurry then for the ethylene fuel.

Comperison of fuel-ignition data. - The ethylene ignition system
(ref. 5) used two small ignition squlbs and a magnesium starting disk
which blocked 69 percent of the combustor area, The disk lowered the
starting combustor-inlet veloclty and allowed proper mixing of the fuel
end elr prilor to ignition. Approxlimately 0.7 second after ignition,
the dlisk burned awey and the combustor pressure was at normel operating
conditions.

The slurry was lgnlted by one large flare wilthout the ald of a
starting disk. The flare was ignited and the fuel turned on. Teble III
lists slurry performance data end the time from the start of fuel flow.
The first point listed after time zero represents the time interval
required to bring the englne to operating conditlons. The longest time
required was 3.1 seconds for the flve tests coverlng & range of starting
equlvalence ratios from 0.65 to 0.90. In each run, ebout 1.5 seconds had
elapsed before the thrust trace began to rise. The major portion of this
time was required to £111 the fuel system downstream of the orifice
restriction. The starting characteristics of the slurry system asppeared
to be satisfactory over the range of equivelence ratios examined.

SUMMARY (OF RESULTS

1. The following results were cobtained in the application of a
50 percent magnesium slurry to a flight-type, 6.5~inch-dlameter ram-jet
engine evalusted 1n a connected-pipe facllity:

a. A combustor was developed for slurry fuels that provided

acceptable combustion performance for equlvalence ratlos between
0.39 and 0.95., Combustion limits were not determined.

e T
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b. An air specific impulse of 178 seconds was obtained at the
0.95 equivalence ratio.

c. Alr specific impulse efflciencles of 87 and 96 percent were
obtained st equivalence ratios of 0.40 and 0.95, respectively.
Conbustor efficlencles of 66 and 86 percent were computed et the
same equivalence ratios. . ) -

d. Ignition and starting of the ram-Jet engine were success-
fully accomplished by an electrically fired flare over a range of
equlvaelence ratiogs of 0.65 to 0.90. '

€. The durabllity of all combustor parts was satisfactory for a
test duration of 78 seconds under severe Gurability test conditions.

f. The deposition of solid products of combustion in the com~
bustion chamber end exit nozzle was confined to a thin layer.

2. The following results compare the performance of the slurry fuel

to that of ethylene fuel, both evaluasted under similer conditions. The
ethylene date were obtalned from free-Jet and flight tests reported pre-
viously.

&. The thrust coefficient for slurry fuel exceeded that for
ethylene at equivelence ratios greater than 0.4 for a simulated free-
streem Mach number of 2.3 and for altitudes above the tropopause. At
these free-stream conditions, the maximum net thrust coefficilent
obtained with the slurry wes 1.01, 43 percent more than the maximum
obtalned with ethylene. -

b. At constant alr flow and compareble thrust coefficients, -
the combustor-inlet pressure we,s generelly lower for the slurry than
for the ethylene fuel.

c. The fuel volume specific impulse of the slurry was 2.1 and
3.1 times greater than that of ethylene et air-specific impulse
values of 120 and 159 seconds, respectively.

d. The fuel weight specific impulses of ethylene and slurry

fuels were 2350 and 2000 seconds, respectively, and for the maximum
air specific impulse obtained with the ethylene, 159 seconds.

CONCLUDING REMARKS

The combustor developed for use with slurry fuels provided acceptable

combustion performance over the full raenge of combustor-inlet conditions

88212
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investigated. These conditions simulated most of the range of combustor-
inlet conditions that probably would be encountered during flight tests
of the vehlcle. TFurthermore, combustion performance comparisons made
for slurry and ethylene fuels in similar engines indlcated that slurry
fuel could provide apprecilable increases in maximum velocity, accelera-
tion, and range of the vehicle.

Lewls Flight Propulsion Leboratory
Nationel Advisory Committee for Aeronsutics
Clevelend, Chio, March 30, 1953
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APPENDIX A

EFFECT OF ENGINE CONFIGURATION AND FUEL VARIABLES ON
COMBUSTION PERFORMANCE

Development procedures. - The program piesented hereln was directed
towards the development of. a slurry-fueled combustor for the f£light
vehicle. This obJectlve probably could have been attalned with the
least difficulty by using the highly reactive, grade C powder thr oughout
the investigation. Unfortunately, thls powder wes aveilable 1in only a
limited quantity and had to be reserved for the latter phases of the
program. The coarse powder showed sufflclent verlations in average
particle silze to require two separate designations (grades A and B).

The dlffuser was designed to be used in flight with a 6-inch- -
dlameter exlt nozzle; however, a 5.86-1nch nozzle was used in the iniltial
phase. of the present investigatlon to provide low combustor velocitles
and steble combustion for a varlety of engine configurations.

Exploratory tests Indicated that variatlons in fuel-injection and
flame-stabllizing spperatus had large effects on combustion performance.
Occasionally, simultaneous modifications were made to several englne
components. The results presented herein are restricted to the config-
urations that elther performed setisfactorily or were so releted to
other configurations that a coherent analysiIs of the data could be msade.
The flaeme-holder and fuel-injectlon configurations considered herein are
illustrated in figures 16 and 17, respectively. The eight fuel inJjector
configurations are divided into two general schemes. The varidble—port-
area injector (fig. 4) was used with inJector types A through E
(fig. 17(a)). Four of these injectors wutilized fuel-impingement surfaces
mounted 1n the air stream. The second fuel Injector scheme employed
small, round orifices in conjunction with high injector pressures
(approximetely 600 1b/sq in.). The flow-restriction orifice was not

used in these tests since the inJjectlion orifices acted as the flow restric-

tors. The locations of the high-pressure orifices are shown in fig-
ure 17(b).

Tests conducted using a 5.66-inchediameter nozzle. - Performance
data for four flame holders of types A, B, and C of figure 1€ are pre-
sented in figure 18. A type C fuel injector (fig. 17} was used for
this series of tests., Flame holders with funnels were designed to con-
centrate the atomized fuel in the recireculatory zone of the flame
holder. The funnel flame holder and the gutter flame holder each had a
projected asrea blockege of 40 percent; however, the friction loss of
the funnel was smeller then that of the gutters. Although the date
scatter was large, the performance level for these two flame holders
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was epproximately the same. Two type-C flame holders were tested. The
performance of the one with 40 percent area blockage was lower than that
of types A and B. This effect wes attrlbuted to the reduced width of
the funnels and gutters, which reduced thelr effectiveness. The best
performence was obtained with a type C, 46-percent-area-blockage flame
holder having funnels and gutters that were 25 percent wider than those
of the previous flame holder. Nearly theoretical performence was
achleved at equivelence ratios greater than 0.8, but the efficiency
decreased repidly at leaner mixtures until blow-out was reached at 0.48
equivalence ratlo.

The series of tests descrlibed was conducted during a period
in which the fineness of the magnesium powder was varied. Combustion
performence was not appreciasbly affected when grede A magnesium, the
coarser of the two powders, was substituted for grade B magnesium.

Although several flsme holders other than types A, B, and C were
investigated, only one is of sufficlent interest to mention. The slotted-
can fleme holder, D (fig. 16), 1s similar to a type used in gasoline-
fueled ram-Jet engines. This fleme holder would support combustion over
e limited range of equivalence ratios; however, the inner surfaces were
80 effectively bathed in the flame that the conleal portion rapidly
melted away.

Effort was next directed tdwards lmproving the lean-mixture per-
formance by modifying the fuel-stratification technique. Thrust per-
formance data for fuel injector configurations A, B, and C of figure 17
are presented on figure 19. The type-A flame holder (fig. 16) was used
for this serles of tests. BSuccesslve Improvements in impulse level and
blow~-out limits were obtained when the injector configuration wes vaeried
from type A through type C. Results of a serles of tests, using three
types of high-pressure fuel jet (fig. 17) end a type-C flame holder with
46 percent blocked area, are presented on figure 20. Fuel-injection
pressure ranged from 200 to 600 pounds per square inch. Type-F injec-
tion resulted 1n unsteble combustion aend type=H injection resulted in
steble combustion at a very low limpulse level. For the high-pressure
injector tests, the best performance was obtalned with the type-G con-
figuration. A comparison of figures 18 and 20 shows that the type-G
1njector exhiblted lower alr specific impulse than the type-C injector
when both types were tested with the seame flame holder.

After tests with fuel injector types A, F, and H, fuel traces were
found on the diffuser and combustor walls. With injector types B, C,
and G, fuel traces were found on the diffuser Ilnner body, which indicated
that the fuel assumed a path much closer to the axis of the engine. In
the latter case more fuel entered the portels of the fleme holder, which
caused a locally rich zone behind the flame holder and resulted in
Improved performance. The performance of the type-C injector was better
than that of either types B or G probably because of lmproved atomlza-
tion of the fuel spray by the alr stream.

L
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Data for e 3-inch-long sleeve, type-D inJector of figure 17 are
presented 1n flgure 21. TFor comparison, a curve of the data obtained
with the type-C inJector is shown on the same figure. Impulse perfor-
mance reproducibllity for the two runs made with the sleeve configura-
tion was very goods In addition, lean operation was extended to an
equivalence ratlio of 0.4 and, when compared wilth the type-C injector,
the sleeve configuration provided lmproved impulse performsnce at equiv-
alence ratios less than 0,75.

Oxide deposits on runs 79 and 80 (fig. Z1) were the largest observed
during the course of the investigation. A photograph (fig. 22), teken
after run 79, shows the deposits adhering to the flame holder and nozzle.
The duration of each run was 4 minutes, or approximately twice the burn-
ing time for previous tests in which stable burning was achieved, The
oxlide depositlion on the nozzle developed in a progressive fashion and
the combustor-inlet velocity at a given equivalence ratio decreased
accordingly. For example, at an equivalence ratio of 0.7 and with a
choked exlt nozzle; the first alr-flow traverse resulted in a velocity
of 200 feet per second, wheress on the sixth (final) treverse, the veloc-
ity was only 170 feet per second. .

Stable and reproducible impulse performance, achieved over a fairly
wide range of equivalence ratios, climaxed the first phese of the pro- _.
grem. Performance at the leanest equivalence ratio of interest was
stlll unsatisfactory, and solid deposition was excessive.

Tests conducted with 6-inch-diameter nozzle. - The remaining runs
presented 1n this report were conducted with a 6-inch-dismeter nozzle
and a type-C flame holder with 46 percent blocked ares.

Two series of tests (fig. 23), in which the atomization sleeve
length was 3 and 4.5 inches, respectively, were conducted using grade C
megnesium powder in the slurry.

The series of runs with the 3-inch sleeve (fig., 23(a)) resulted in
alr specific impulse efflclencies ranging from 99 to 87 percent at an
equlvalence ratio of 0.7. On the first run, higher combustor pressures
end wall temperatures then had been previously recorded tended to sub-
stantiate the high impulse values obtained. - Unfortunately, the perfor-
mance was lower for the two subsequent runs of this series. Observation
of the combustor after each run indicated that oxide formation wes neg-
ligible and could not account for the lack of reproducibility in these
tests. Undetected Tifferences in the three Fuel batches used in these
tests may be responsible for the resulting three seperate lmpulse levels.

Impulse date for five runs using a 4.5-inch stomization sleeve are
presented in figure 23(b). The results of these tests are presented in

iy,
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greater detalil in the body of the report. Steble combustion was main-
tained at equlvalence ratlos leaner than heretofore possible., Repro-
ducibility of performance was considerably improved by use of the longer
sleeve; however, none of the rums resulted in so high an Ilmpulse level
as wes recorded for the best run shown on figure 23(e).

Date are presented In figure 24 for two rums in which the slurry
contained grade B megnesium. A 4.5-inch sleeve injector, consldered to
be the best type evolved during the development program, was used. The
impulse level of run 91 was slightly higher than that of run 93 possibly
because of higher inlet-alr temperature. The blow-out veloclty on each
run was 300 feet per second. Figure 24 also contalns a curve for the
deta (fig. 23(b)) obtained with grade C powder. This powder markedly
Improved the Impulse level and extended the lean operatlional limits.

General comperisons. - Separately, the variations in fleme holders 3
injection methods, and exhaust nozzles hed a pronounced effect on com-
bustor performance.

Of the flame holders tested, the 46-percent-blocked-area, funnel-
gutter configuretion provided the best source of flame stebllization.

The results of the Injector-configurstion variations indicated thet
the 4.5-inch sleeve permitted steble operstlon at leaner mixture strength
than any of the other types tested. Although the forwerd-splash, type-C
injector provided nearly theoretical impulse performance at equivalence
ratios greater than 0.8, these tests were conducted with the smalier
exhsust nozzle and hence cennot be directly compared to the 4.5-inch-
sleeve data.

A tebulation of the data of figures 21 and 24 serves to illustrate
the effect of exit-nozzle dlameter on combustion performence:

Exit- Fuel Injector | Air specific | Lean blow-
nozzle impulse at out equil-
diemeter, | TyPe | Sleeve | 58 equiva- | valence
in. leniﬁth, lence retio | ratio
5.66 D 3.0 166 0.39
6.00 E 4.5 160 .55

The slurries used in these tests contailned grade B powder. The type-E
injector was shown previously to exhibit better combustion character-
istics at lean mixtures than the type-D inJjector. From the teble it

can be seen that the lerger nozzle used in combination with the type-E
injector decreased the impulse level and increased the tendency of

fleme blow-out. Consequently, the enlarging of the exit nozzle seriously

L a7 " v MY
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reduced the combustion performance, In general, the greatest oxide
deposits were assoclated with use of the smaller nozzle and the coarser
powder. Oxlde coatings on the 6-lnch nozzle were confined to a spalling
leyer that was In the order of 1/16 inch thick.

Whereas the engine configuration was deliberately modified through-
out the course of the Investigaetlon, the fuel and operating procedure _
were not always so subJect to control. A discussion of these varigbles
follows. - - Co- :

An over-all inspection of the test data does not show any correla-
tlion between combustion performance and fuel viscoslity. Thie effect is
not suprising since the viscoslties of these fuels decrease with shear _
rate (ref. 8). Therefore, the high viscosity values (teble II), as
measured by a viscometer employing low shear rates, asre not necessarily
indicative of the actual fluldity of .the slurries at the injector station.

Small-scale combustor studies (ref. 11) show that grade B powder is
less reactive, combustionwise, than the finer grade C powder. Similer
effects were observed in the present investigation, when the powder was
changed from grede B to grade C (fig. 24). No measurable difference in
performence was noted when the metal component of the slurry was changed,
for a brief period, from grade B to the somewhat coarser grede A meg-
neslum powder.

On figures 18, 19, and 24, the inlet-air temperature i1s shown to
deviate considerebly from.run to run.. Although a systematic study of
the effect of inlet-air temperature wes not underteken, the data indicate
that combustion performence was lmproved by moderate increases in inlet-
alr temperature. This effect was further substantiated by several tests,
made from time to time, in which stsble combustion was not achieved at
an inlet-air temperature of 60° F,

it e
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APPENDIX B

PRECISION OF DATA AND RELTABILITY COF RESULTS

Measurement of stream momentum. - The primary psrameter used to
express combustor performence was alr specific impulse. In order to
determine alr specific impulse 1t wes necessary to determine the total
momentum of the exhaust geses at the nozzle throet. This was accom-
plished by use of & thrust berrel, shown In figure 25. The short
cylindrical duct was not a part of the installation but was included on
the figure for convenlence im presenting the momentum enalyses of the
system.

The pressure at sbatlion 12 1s consldered to be the anmbilent pres-
sure exerted on all vertilcal surfaces of the thrust barrel exclusive of
section X-X (fig. 25). The reaction, B, measured by the thrust barrel
1s

m4Viy + Ppyhyy - Pyphyy Where m=W/g

From the principle of conservation of momentum

mi11V11 + P1ifyg = (Pghg + mgVg) + (Pyghyg + mgVig)

Therefore, the reactlon meesured by B 1s equal to

(pgAg + mgVg) + (pyoh1o + mgVig) - P12 (89 + A1p)

Since the term (pgAg + mgVg) 1s the stream momentum of the combustion
products at the nozzle exit, the thrust equation becomes

Fg = B - (P1of10 + mgVi0) + P12 (Ag + A10)

The embient pressure py5 18 essentially a total pressure since

the arese of any flow channel bounded by the barrel and the outer shell
1s very large. The induced flow m o results from the pressure 4if-

ference between Pj2 &and Dpjg. For smell pressure differences, the

induced gas flow can be expressed by the incompressible Bernoulll equa-
tion

2
~P1o"100 ™o'10
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which 1s more conveniently stated as.
m V10 = 2(4p)A10

Substitutlon of these relstions 1nto the a.forementioned thrust equation
yilelds

Fg =B = p1aAig + (&p)Ajg = 2(Ap)Ajg + Py2Ag + Dyghip =

B + DA - (&p)A,

Areas Ag and A, are approximetely equal, but the pressure d:!ffer-_-__'
ence Ap 1s much smaller than Pyp- If it is assumed that ONp 18

negligible, the thrust equation becomes

Fg = B + py2hy

A series of tests was conducted to determine the validity of this
equation. Metered quentities of alr at 2 to 5 atmospheres pressure were
discharged through e long cylindrical pipe sttached to & convergent noz-

zle mounted in the position normally occupled by the englne combustor and

nozzle. The pipe and nozzle dlameter were smeller than those of the

engine in order to obtain the desired pressure with & limited air st@ply._'

The stream momentum computed from the air flow rate and stegnation pres-
sure, assuming ildealized one-dimensional flow relations, was compared to
the stream momentum expressed as B + Py2Ag. The two methods of momentum

determination showed an agreement that was within the accuracy of the .
instrumentation, .

Accuracy of instrumentation. - The limited avallebility of megnesium
powder, particularly the grade C materisl, necessitated obtaining the i
meximum of date for a glven set of operating conditions. Nonthermsl _
equilibrium operation and the use of fast-response instrumentation was_
necessary. )

Calibration deta indicate the over-all accuracy of the osclllograeph
system to be 2 percent of the values measured. The remainder of the
instrumentetion had an even higher degree of accuracy.

In addition to complying with the calibration procedure outlined
previously, the instrumentation was thoroughly recelibrated Immediately
prior to run 97. The data for run 97 are shown on figures 5 through 8
to be in close agreement with the data obta.ined for the other rums of
this seriles. -
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Precision of fuel-flow rate determination. - The method of fuel-
flow rete determinstion, calculated from the slope of the fuel-tank
welght against time flow, resulted in probeble errors of epproximately
3 percent. These errors were larger than the errors caused by instru-
ment insccuracy since only part of the full Instrument range wes used
in measuring one constant flow rate.

Effect of transient pressure condltions. - Since the inlet plenum
1s in effect a storage tenk, the combustor-inlet flow rate for unsteady-
state conditlions differs from the orifice-measured flow rate., Another
alr-flow error could be caused by combustor pressure fluctuetlons
treveling upstream lnto the plenum. Furthermore, these pressure fluc-
tuatlons might have a detrimental effect on combustion performance. A
slmple method of determining the posslble existence of these effects can
be shown by meens of figure 26, The diffuser total pressure ratlo
P7/Py and the ratio of the air flow required to choke the diffuser to

the messured (orifice) air flow are plotted as a function of combustor-
inlet Mach number M, for the data of teble ITI. The alr-flow ratio

should be unity at inlet veloclitles greater than that for choked flow.
At Mach numbers greater than 0.19, the diffuser was choked and the maxi-
mum devietion of the alr flow raetlioc data from unlty wes 4 percent.
Therefore, the alr flow rate at the orifice was teken as the alr flow
rete at the combustor inlet for the chosen data points. The transition
from choked to unchoked dlffuser flow occurred at an equlvalence ratio
of approximately 0.65. Impulse performance (£ig. 5) did not appear to
be affected by this phenomenon.




26 CONRIT IR NACA RM ES3EZ7
APPENDIX C

FUEL-FLOW BENCH TESTS FOR FLIGHT APPLICATION

A slmple fuel system has been proposed.For use 1in short-range flight
vehicles similar to the vehicle described in references 5 and 6. The
principle of the system operation 1s es follows: The tank is partly
f1lled with fuel and the remaining volume ls charged with an inert gas.
The oriflce flow restriction is chosen to provide the desired initisl
fuel flow rate at the initlal tenk pressure, As fuel flows from the
tenk, the pressure decreases end thereby reduces the flow rate. Some
control over the slope of the fuel flow decay curve 1s possible by
sultable cholce of the initial fuel to inert-gas volume ratio for =
given tank volume, Thils method of flow céntrol is believed to be suffi-
clently flexible to provide the flow rates req_u:Lred for some flight
paths of interest.

A Pench~test investlgation wes undertaken to check the operation
of the proposed system for e twin-engine applicetion and to check the _
flow propertles of the slurry fuels. The apparetus 1s illustrated on .
figures 27 end 28. The fuel tank and starting vaelve body are ldentical
to those used in the vehicle reported in reference 5; however, the start-
ing valve was operated pneumatically rather .than by the firing of squibs
in order to permit both opening and closing of the valve. A spring-
loaded cylinder velve of the type shown in figure 4 was mounted in each
of the 5.5-inch-dlameter reservoirs. -Fuel, discharged through these .
valves, produced an upwerd movement of the pistons and the markers rig-
141y connected to the plstons. The length of fuel line between the fuel
‘tank and inJectlon vaelves was approximately the same as that for the
fuel system reported in references 5 and 6,

For each test, a measured amount of slurry containing equal parts
by welght of magnesium and MIL-F-5624A, grade JP-3 fuel plus additive
was placed In the 1.37-cubic-foot tank. Additiona.l fuel was placed in.
each reservolr to a depth sufficlent to cover the cylinder valves. The
pistons were forced down until all the air and some fuel flowed up the
merker plpes. The plpes then were capped to seal the system. The tank
was pressurized to—1000 pounds per sqﬂare inc_h and the nitrogen supply
wag then closed.

Photographs of the pressures, time, and marker positions were
obtained throughout each test at intervals of approximately 1.3 seconds.
Merker position was converted to volume and then to fuel weight. The
fuel flow. rates were computed from the slopes of the fuel welght-time
curves.

2755

.
|



GSL2

CI-4 back

NACA RM ES3E27 SRR 27

Three tests were conducted with a 0.105-inch-diameter restricted-
approach orifice mounted in each ocutlet of a l/ 2=inch T-fltting dividing
the flow to the two cylinder-velve assemblles. Flow rate and pressure
deta sre presented Iin flgure 29(a). Within the limits of experimental
error, the flow was divided evenly between the two reservolrs. The two
grade B magnesium powder slurries tested dlffered wldely in viscosity
but exhibited similer flow rates. The grade C powder slurry gave flow
rates approximately 7 percent greater than the grade B powder slurries.
The discontinuity in several of the injector pressure curves wes prob-
gbly caused by friction of the plstons in the cylinder valves.

Three tests were conducted using one reservoir and a 0,125-inch-
diemeter orifice (fig. 27) which did not heve a restricted approach sec-
tion. These deta are presented in figure 29(b). The flow rate, with
the orifice mounted in = l,/ 2-inch streight fitting threaded into the
fuel tank, waes somewhat greater than when the orifice was mounted in
one end of the T-fitting. In contrast to the date of figure 29(a), the
flow rates were not affected by a decrease in powder particle size.
Viscoslity dlfferences ceused no differences in flow rates.

The area discharge coefflclients for the bench test data are pre-
sented on figure 30 as a functlon of orifice pressure drop. The 0.125-
inch-diasmeter orifice resulted 1n considerably lower discharge coeffi-
clents then the smaller orifice with the restricted approach; however,
as noted previously, the larger orifice appeared less sensitlive to the
metal perticle slze. When the orifice was mounted in a stralght f£it-
ting, the discharge coefficient was much more nesrly independent of
preasure than when the orifice was mounted in the end of a T-fitting.

The fuel system appears to be sultable for use wilth slurry-type
fuels for initiel £1light investigations,
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NACA RM ES3E27

TABLE I. - SPECIFICATIONS AND ANALYSIS OF

HYDROCARBON CARRIER FUEL

Specifications | Analysis of
MIL-F-5624A carrier fuel
(3p-3)
A.S.T.M, distiliation
D 86-46, OF
Initlel bolling point 106
Percent evaporated
5 144
10 177
20 218
30 246
40 a72
50 299
60 323
70 349
80 379
90 400 (min.) 417
95 445
Finael boiling point 600 (ma.x.; 479
Residue, percent 1.5 (max. 0.9
Loss, percent 1.5 (mex.) 0.6
Aromatics, percent by volume
A.S.T.M, D-875-46T 25 (max.) 8.5
Specific gravity 0.728 (min.) 0.755
Reid" vapor pressure,
1b/sq in. S -7 6.2
Hydrogen-carbon ratio 0.171
Net heat of combustion,
Btu/1b 18,400 (min.) 18,725

29
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TABLE II.

NACA RM ES3E27

- DESCRIPTION OF FUELS

[A11 slurries are 50 percent magnesium by weight in
MIL-F-5624A grede JP-3 fuel]

Used in run

Batch| Powder | Viscosity?, | Stability
grade centipoise timeb

B i 8,9,10,13,14

B 19,20,21
4 A Unstable 22
11 A Unsteble 29
14 A Unstable 30
15 A - Unsteble 31
48 B Unstable 70
49 B Unstable 71
50 B Unsteble 72
52 B 560 . Unsteble 73
53 B 840 - Unstable 74
54 B 5,060 6 Months 75
57 B 1,900 1 Dey 79
58 B 3,000 . 4 Deys 80
61 c 17,000 5 Days_ 81
65 T 5,600 1 Month 84
68 c 8650 7 Days 86,87,88
69 c 1,500 1 Dey  |{89,90
71 B 15,600 2 Months 91
74 B 3,800 2 Days 93
81 C 740 3 Hours 97

8yiscosity was obtalned with a Brookfield viscometer.
Prine in storage before a thin leyer of clear liquid

forms at the top of fuel.

SNAA
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NACA RM ES3E27
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Tigure 1. - Diagram of basic fuel system, CD-2979
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Air specific Ilmpulse, 8, sec

CQNELDENTTAL S NACA RM ES3E27

220 T "
200 — =
180
160
/ Tnlet eir
S ) temperature -
/ . et T . (:I:ZSZ F ):
, ' R : F -
140 1 g - :
/ o 87 338
7 7 o a8 280 -1
4 < 89 326
120 ,/ & A g0 _ 344 -
A4 897 353
= == = —17Ideal, slurry 350 .
«—— = ==—1TIdeal, octene-l 350
100 | i | J__ 1 _ 1 1 1 ] _ .
.2 A .6 .8 1.0 1.2 1.4 1.6
Equivalence ratio, @
Figure 5. - Effect of equivalence ratic on air specific impulse for

slurries containing 50 percent grade C megnesium in MIL-F-5624A
grade JP-3 fuel. Flame holder C, 46 percent blocked areas; fuel
injector BE; nozzle dlameter, 6 inches.
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NACA RM ES3E27

Combustor pressure losses, (P; - Pg)/q,

10

AN e
RU. ] |l 1
umg Sum of friction
number pressure losses /
o a7 —Teand 1ldealized
O momentum pressure /
o gg losses in a clean /
A 90 —— combustor /
v a7
—p — Indicates progreésive /
eroslon of flame / v
holder during run ~
number 87 v
/ -k
/] ° 00
/ 01,00°(8’ 4a ©
0 (o)
A 4 / - Q A M -]
_/ R o
“Friction pressure losses
o in a clean combustor
with no fuel flow
2 4 6 8 10

Density retio across the combustor, p./pg

Figure 6. - Combustor pressure losses attributed to frictionm,

momentum, and solid deposition for slurries containing 50
percent grade C magnesium in MIL-F-5624A grade JP-3 fuel.
Fleme holder C, 46 percent blocked esrea; fuel injector Ej
nozzle dlasmeter, 6 inches.
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Total stream momentum, F, 1b

erannmm e Y NACA RM ES3E27

Ru;l Nozzle ares 3,’
number
2400 _ coeffl fien'h a
o 87 : /1.0
| 88 - Z
o 89 4
o000k A 90 /w 7
v 97 - / %’ S 50
—— Experimenteal datae v
— — —Idesal performance A
1600 equivalence ratlo, / Z
0.70; specifilc /
heat ratlo, 1.25, ,
7
/27
1200 e
7/ } r
7/ -
/ A
/¥4 :
800
V4
- '
/4
400 g
0 10 20 30 40 50 60 -

Combustor-exit static pressure, pg, 1b/sq in. ebs

Flgure 7. - Effect of combustor-exit pressure on total stream -
momentum at the nozzle exlt for slurrles contailning 50 per- . :
cent grede C magnesium in MIL-F-5624A graede JP-3 fuel. - .-
Fleme holder C, 46 percent blocked a.rea.; fuel injector E;
nozzle diameter, 6 inches.
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Alr specific impulse, 8., Bec

pressure, P7, lb/sq in. abs

Combustor-inlet stagnation

3 )

Ve, ft/sBec

Combustor-inlet veloclt

T T T T | ~ua
Run Puel £l te
number ° lb/::cra ?
O, 87 0.685
190 g 87 .517
O 88 .988 o
2 89 .839 M
80 .583
170 v 97 1.111
|
150 v
'/
&
>
110
70 <
igusl
~J
v
60 A '3 ~ [z
?% N
N ‘<>\\
50 X \O\\ ™ ~
\\\\A '\’O\ \Q"
40 hd\\"r\k
X \\A
30
340 A
\q R\
@ \ \
500 LN
l\
260 ‘ii +
)
2203 4 .5 .6 7 .8 .9 1.0

Equivelence ratio, &

Figure 8. - Effect of equivalence ratio on alr specific
lmpulse, combustor veloclity, and cambustor total pressure
for slurrlies containing 50 percent grade C magnesium in
MIL-F-5624A grade JP-3 fuel. Flame holder C, 46 percent
blocked area; fuel Injector E; nozzle diameter, 6 inches.
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Alr specific impulse, Bgy seC

Efficiency, percent

GANFIDENTTAL NACA RM ES3E27

180 I = I I
W Equivalence
ratilo
0.8
160
L] 6
140
.45
120
30 40 50 60 70 80

Corbustor-inlet stegnation pressure, P9, 1'b/sq in. ebs

Figure 9. - Effect of combustor pressure on alr specific
impulse for slurries conteining 50 percent grade C megnesium
in MIL-F-5624A grede JP-3 fuel. Flame holder C, 46 percent
blocked area; fuel injector E; nozzle dlemeter, 6 inches.

100
— 1 T 7T
/ -
d 4£f”"
80 /
/ . — Combustor efficiency
/ — — — = Alr specific impulse
/| efficlency
60 L1 | | |
2 -3 .6 .8 1.0

Equivalence ratio, &

Figure 10. - Combustor and impulse efficlencles for slurriles
of 50 percent grade C magnesium in MIL-F-5624A grade JP-3
fuel. Flame holder C, 46 percent blocked erea; fuel injec-
tor E; nozzle diemeter, 6 inches.
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Heat transferred through
combustor wall, Btu/sec

Combustor wall temperature, OF

gt I
—— |
I Distance of I
40 thermocouple '
from fleme |
holder, X
/ g in. |
/ |

20 / 17.5
———— 15.3 |
—_—-— 12.5 I

—_—— 3.0
o ] i 1 1L 1 I
1800 I
|
] |
1400 ] {
L—"1 |
// l
1000 F—~< =
/ — — —L e T I
e g ——— apu— .
7 |
d |
600 I
! - - e e ~ — = +=
— ’ |
200 |

10 20 30 40 50 60 70 80

Time from Initlation of fuel flow, sec

Flgure 11. - Combustor well temperatures and heat transfer rate
obtalned during run 97 for a slurry consisting of 50 percent grade
C magnesium in MIL-F-5624A grade JP-3 fuel. Fleme holder C, 46
percent blocked aresj fuel injector E; nozzle dismeter, 6 Iinches.
Equlvalence ratio, 0.836 to 0.9473 alr flow, 11.78 to 10.40 pounds
per second.



Figure 12, - Photographs of flame holder.
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Fuel weight specific impulse, sec

5500
Fuel-air ratio W
5000 IO.OS
\
\
\ 04
\\
\ \

4000 \

\ \\

\ \ Octene-1
\ \
3500 . 2
7SN IV BN
N\
\ \\\ \ Ethylene
o NN <4 oo
AN \:\ |
\ \

\ N )/

2500
\ e
\\
\ Magnesium slurry

2000 pd 4-

/’/////’ N
1500 //

/ ——————— Experi-
mental

/ —— — — Ideal

1000 ] I
100 120 140 160 180 200 220

impulse fgr

ture, 350

Alr speclfic impulse
(a) Fuel welght specific impulse.
Flgure 13. - Fuel specific impulse as function of alr specific

three fuels.
F; sonic discharge of exhaust products.

Combustor-inliet stagnation tempera-

Experli-

mental slurry data obtained from figure 56 and experimental
ethylene data obtained from reference 4.
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Fuel volume specific impulse, lb~-sec/cu ft

WL NACA R ESSE2T

4 A
At R
\\ —-—-:Experimental
\\ — =———1Ideal
%0 \
1\
A\
\\
26 A
\
h \
Y
\\\
22 A
\ \
\A
Octene-1—7 AY
\\ \
18 ¥‘
AN
- ANAN
NN
- \\ A
NN N
Ethylene \\\
10 =4 \\ | Megnesium slurr;r-v>
\ T~
\ . ~
6 =~
N~
\ ~
2150 120 %0 160 180 200 T

Alr specific impulse

(b) Fuel volume specific_Impulse.

Flgure 13. - Concluded. JFuel specific. impulse as function of

alr specific impulse for three fuels. Combustor-linlet stag-
netion temperature, 350° F; sonic discharge of exhsust
products. Experimental slurry deta obtained from figure 5
and experimental ethylene date obtained from reference 4.
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), Cx

engine vehicle drag coefficient

Net thrust coefficlent (gross thrust coefficient - one-half the twin-

e
o

.8

-6‘

4

.2

1
.
[4>)

1.6 T I
T 1
——ee  Experimental
— == — Ideal
1.4 <
7
Magnesium slurr;r—\x /‘ 7 j
1.2 AN 4 ;r—/A:
P 1%
/ .7
(.?' 7 // Z
iy )4 //|-Octene-1
E;: 1.0 ,/ y.avi s
g / //<Ethylene -
8 /
E 8 "/l/; //
P A
g II//;/, /
S / b/ /
.6 £ 7 Vi
V4
Vi i
!/ W
4 A
/
/
/ s
.2 4 .8 .8 1.0

Equivalence ratio, &

Figure 14. - Effect of equivalence ratio on gross thrust
coefficient for two hydrocarbons and a 50 percent mag-
nesium slurry. Simuleted free-stream Mach number, 2.3,
altitudes above the tropopause. Experimental slurry
data obtained from figure 5; experimental ethylene data
obtained from reference 4.
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Combustor-inlet stagnation pressure, Ib/sq in. abs

NACA RM ES3E27

80 1 1 ) I 1
S8lurry Equivalence
= = == — Ethylene retio
0.8
70 7
A
a4
/ .6
) ) / 5/
7/ 4
b5
L/ .45
7
J/ / /
y
50 e /
/ /
4
/7 é /-
/ /
40 7 4 7
V/ _
VA
y/ 4
4 Dl
/
30, 8 8 10 12

Combustion-air flow, 1b/sec

Figure 15. - Comparison of combustor .pressure performasnce of
50 percent grade C megnesium slurry (data from fig. 8) with
combustor pressure performance of ethylene In flight

Nozzle throat diemeter, 6 inches.

(ref. 6).
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Air specific impulse, sec

220

200

180

160

140

120

100

I Run. Fiame—l Biocked Iniet-air '7Graaé of
number holder ares, temperature magnesium
config- percent (+25° F), in slurry
uration oF
(o] 14 A 40 370 B
m] 20 B 40 370 B
& 21 B 40 370 B
| A 22 c 40 370 A
v 13 C 46 390 B
4 19 Cc 46 395 B
N 29 C 46 425 A
b 30 c 46 475 A
4 31 c 46 375 A e
— = — Tdeal 350 _ -]
Denotes blow-out =t <
A\ / N 14
i r-ﬁ'
A
£ v
7 v
/
/ v v _
/ OO V/o
/ a/|" 08—
V4 r‘ %
/ // <14 | o
/
V 4
y
A / N
7
/
/
Y 5~
.2 -4 .6 .8 1.0 1.2 1.4 1.6

Equivelence ratio, §

Figure 18. -~ Effect of several flsme-holder configurations on com-
bustion performence. Slurry, 50 percent megnesium in MIL-F-5624A
grade JP-3 fuel; fuel injector C; nozzle diemeter, 5.66 inches.



Alr speclfic impulse, sec

R NACA RM ES3E27

Run Fuel-injection Inlet-alr
.nunmber configuration . temperature
T (%200 F),
= °° -
° 8 A, unobstructed’ 370
- o 10 B, dlagonal rearward 370
splash
220 F < 9 B, dlegonal rearward 465
splash '
A 14 C, dlagonal forward. 370
B splash
- =— — Ideal - 3 —
200r 50 ——
g Denotes blow-out -
N -~
=
- /
180 <
e
/
/ 7
160
/]
/7 A /’
>
140 4 ///)r ,/U
/[ / 3 /
/ %/ Y
/ gnﬂ 3
nl Gz
4 N

.2 4 .6 .8 1.0 1.2 1.4 1.6
Equlivalence ratio, ¢

Figure 19. - Effect of disgonal-type splash plates on combustion
performence. Slurry, 50 percent grade B megnesium in MIL-F-5624A
grade JP-3 fuelj flame holder Aj; nozzle dismeter, 5.66 inches.
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Alr specific lmpulse, sec

51

T T ! I I | | T T
Run Fuel-inJjection Inlet-air
number  configuration temperature
(£28° F),
oF
o 74 B, axial 350
a 70 G, radiasl, Inward 350
< 71 G, radiel, Iinwerd 350
220 A 72 G, redlal, inwerd 350
— — — Ideal 350
Denotes blow-out
§ _
200 a-—
-1 -
L~
A7
f/ )
180 -
// 43
& /
7 o
160 3
, @A
O
iz
140 V4 /“8
/ o ©
Fleme blow-out
/
7 occurred when
) d §’ flare burned out
120 —~
100 I
.2 o4 .6 .8 1.0 1.2 1.4

Equivalence ratio, &

1.6

Flgure 20. - Effect of locatlion and direction of high-pressure fuel
Jets on comhustlion performence. 8lurry, 50 percent grade B magne-
sium in MIL-F-5624A grade JP-3 fuel; flame holder C, 46 percent

blocked areaj nozzle dilemeter, 5.66 lnches.
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I ] I | I ] ] ! ] I |
Run Fuel-injectlion Inlet~alr Grede of
numbexr conflguration temperature megnesium
(£30° F), in slurry
. Op ]
o\ 79 D, 3-inch sleeve 350 B
O 80 D, 3-inch sleeve 350 B
——— 13, 18, C, dlegonsl forward
— 29, %0, splash plates
31 (curve obteined
220— from fig. 18)
— = — Ideal - 350
§ Denotes blow-out
200 e f =" ]
w—l" 4
P
e ; 40
-
o / . i B
a /’J:I//rr‘
180 Va1
4" ﬁ
: p
160 7
8 /19 /
% A
0,
i /
. 140
5 amray
/
/ /
120 7
/ |/
LYY A
.2 A .8 .8 : 1.0~ 1.2 1.4 1.6

Equlvalence ratio, @

Figure 21. - Effect of fuel dlstribution control on combustion per-

formance.

Slurry, 50 percent magnesium in MIL-F-5624A grade JP-3

fuelj flame holder C; 46 percent blocked area; nozzle dieameter,

5.86 inches.
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Figue 22. = Ocmbusticn dsponit obtained in run 78.
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Alr specific impulse, sec

BT TOENEIEL. NACA RM ES3E27
I I 1 | {
Run Inlet-air
number tempersture
(15° F),
- F
o 8L 340
220 o 8t T 340
o 86 . 340
— — = Ideal 350
200 § Denotes blow-out = —
A -
P
//
e’/d/
A
79"{ /
/ //
0 ﬂ /;/
/ rol :Fﬂ
140 £
il
/
FTIN
120 7~
100 L— ! : _ | & L
.2 b .6 .8 1.5 1.2 1.4

Equivalence ratio, ¢

(a) Data obtained with 3-inch sleeve, type D inJjector.

1.6

Figure 23. - Effect of injection-control-sleeve length on combustion
performence, Slurry, 50 percent grade C magnesium in MIL-F-5624A

grade JP-3 fuel; fleme holder C, 46 percent blocked ares; nozzle

diemeter, 6.00 lnches.



2755

NACA RM ES53E27 SN . 55

Alr specific impulse, sec

Run Inlet-air
nmumber temperature
(£25° F),
oF

220 o 87 338

o 88 280

< 326

A 80 344

v 97 353 -
200 — — — Ideal 350 =i

/'
|
180 -
7
T o
160
140 V4
/
'/
y I

1207~ 'y
100.2 -4 .6 8 1.0 1.2 1.4 1.6

Equivaelence ratio, @

(b) Data obtained with 4.5-inch sleeve, type E injector.

Flgure 23. - Concluded. Effect of Injection-control-sleeve length

on combustion performance. BSlurry, 50 percent grade C megnesium
in MIT.-F-5624A grade JP-3 fuely flame holder C; 46 percent blocked
ereaj nozgle dlemeter, 6.00 inches.
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Alr specific impulse, sec

O RENE Sl NACA RM ESIEZ7
ot T
Run Grade of  Average Inlet-alr
number magnesium particle +temperature
in slurry _  size, (£25° F),
: T microns Op —
S O 9l B T 17-23 340 _—
a 93 B : 17«23 305
| ——=-— 87, 88, C (curve = 3.5-5 330 |
89, 90, obtained ..
97 from fig. )
220— 23(b)) ]
— — —  Tdeal . s 350
§ Denotes blow-out
200 — ]
L~
o
-
lm /“ /
f, T
Ve
/] ’ v} a8
7 |/
7\ A/
+ f/ ’ _
/
/|79
140 7
/ /
VAL :
/ A
120 —#
o \jﬁ%ﬁ
.2 4L .6 .8 1.0 1.2 1.4 1.6

Equivelence ratio, ¢

Flgure 24. - Effect of magneslum grade on combustion performance of
a slurry containlng 50 percent megnesium in MIL-F-5624A grede

Flame holder C, 46 percent blocked area; fuel injec-

tor E; nozzle dlameter, 6 Inches.

JP-3 fuel.
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CD=-5071

FMagure 25, - Skatoh of thrust barrel,
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Air flow required to
choke diffuser divided

Diffuser total pressure ratio, P;/Pq

NACA RM ES3E27
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\ a 88
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6 Unchoked _H' —m . Choked
diffuser , \N{ diffuser
|
)
| R
1
| Band of equiva-|
4 1.0 lence ratlos 0
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Combustor-inlet Mach number, M,

1)

Figure 26, - Effect of combustor-Inlet Mach number on
pressure ratio and criterion of choke in the d4iffuser.
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Fuel in

Tank
—[ = Iressure
sage L= S
0.125-Inch dlameter orifice
~fitbing installed in T-fitting
Vel Plan view of bench fuel system —
e with fuel tank removed y )
A\
Nitrogen —» T
supply 0.105~Inch dlamster
orifice
Fuel in

selector
switch

Compressed

nitrogen
Elevation view of bench fuel asystem Sterting valve

CD-2783
Fligure 27, = Diagram of components of bench fuel system.
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Figmre 28, - Photograph of benoh fuel system.
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1b/8q in. gage

Fuel tank pressure,

Injection
pressure,
1b/sq in. gage

Fuel flow rate, lb/sec

NACA RM ES3E27 SN

lOOOt}

600 %%m
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4 1Ot -oa 54

0 e
] | |
Flow Pres- Slurry Grade of Initlal
o rate Bsure viscosity, megnesium weight of
centipolse slurry in
1.2 ruellgank,
d Right 3880 c 524 2 |
\ fzﬁice
i.1 P orifice |
—— —— O Right 36,200 B 47 + 1/2
orlfice ]
FI Left
1.0 orifice E
\ — - — & Right 6740 B 49 £ 1/2
. orifice 1
w £ Left
s \ \ orifice
* \
N
NN
8 | N
T
Right N . N\ Left
7 g
. - ‘\
\%g o~
X
8 TN
.5 i i
[o] 4 8 12 18 20 24 28 32

Time from initiation of fuel flow, sec

(a) Restricted-approsch 0.105-inch-diameter orifice mounted in
T-fitting.

Flgure 28. - Bench fuel system flow rate and pressure data for a
50 percent magnesium slurry.
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gage

Fuel tank pressure,
1b/eq in.

Injection pressure,
1b/sq in. gage

Fuel flow rate, 1b/sec

NACA RM ES3E27
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Flow Pres~Slurry  Grade . Inltial Location
rate 8sure viscosity, of mag- welght of of mefering
1.3 centipoise nesium . slurry in orifice
\ fuel tank
\\ — 0 3430 B 7764 1/2 T-fitting
1.2} L. with one
end capped
- : T Straight 1
—— 0O 9860 B 1776 + 1/2 fitting at
1.1 \Jf—-— O 450 C .- 74.5 & 1/2fcutlet of
\\ © Y fuel tank
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(b) Unrestricted-approach 0.125-inch-diameter orifice.

Figure 29. ~ Oonoluded. Bench fuel system flow rate and pressure

data for & SO-percent magnesium slurry.
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Orifice Orifice location Slurry Crede of
diameter, viscosity, magnesium
in. centipoise
1 0.105 T-fitting 3,880 c
2 .105 T-fitting 36,200 B
80 3 .105 T-£1tting 6,740 B
* 4 .125 T-fitting, one end 3,430 B
capped
5 125 Btraight fitting 9,860 B
6 .125 Btraight fitting 450 c
1
Averags coeffi- -~ ~ |2
- . clent for left //745 -
1] and right o]
3 orifices "]
'3 .84 = \\/7
; N
;
£ .B8
g .
5
- &
4B \\ /l/
[ — /
40 I |
18 18 20 22 24 28 28 30

Square root of orifice pressure drop, (1b/sq in.)llg

Flgure 30. - Orifice area coefficients for two orifices and two orifice locu.tions.

NACA-Langlay - 8-3-83 -.450

S0~-Percent magnesium slurry.



